Light scattering and chemical cross-linking analyses of nucleoside diphosphate kinase (NDK) from moderate halophile, Halomonas sp. 593 (HaNDK), unambiguously demonstrated that this enzyme formed a dimeric structure, in contrast to the Pseudomonas NDK (PaNDK), a nonhalophilic counterpart, and other NDKs from Gram-negative bacteria, which all formed a tetrameric structure. Comparison of HaNDK and PaNDK showed that the HaNDK was less thermally stable than the PaNDK: the optimum temperature of PaNDK enzyme activity was 20 1C higher than that of HaNDK. However, the HaNDK readily refolded and reassembled back to the active dimeric structure, upon heat denaturation at 0.2 M NaCl, as soon as the temperature was lowered. On the contrary, the thermally more stable PaNDK was irreversibly denatured at its melting temperature.
Introduction
Halophilic microorganisms can grow under high saline conditions, and are classified essentially into two groups, i.e. extremely halophilic archaea and moderately halophilic bacteria. To balance the osmotic pressure of external high salinity, extreme halophiles adopt a 'salt-in' strategy by incorporating high concentrations of salt ions into the cells, while moderate halophiles adopt a 'salt-out' strategy by accumulating modest concentrations of salt ions and synthesizing or incorporating a high concentration of organic compounds, so-called compatible solutes, into the cells (Ventosa et al., 1998) . The intra-cellular salt concentrations of moderate halophiles widely vary, e.g. from 0.002 to 3.52 M (Ventosa et al., 1998) . Thus, the concentration of cytoplasmic salt ions in moderately halophilic bacteria is always lower than the salt concentration of extreme halophiles and is closer to or slightly higher than that of nonhalophilic bacteria, such as Escherichia coli and Pseudomonas aeruginosa. As moderately halophilic bacteria optimally grow in the presence of 1$2 M salts, it is reasonable to assume that those enzymes, which are secreted into the medium or periplasmic space and must function in extracellular spaces, would exhibit highly halophilic properties; i.e. they would be stable and active in the presence of salts at high concentrations . Most halophilic enzymes are highly acidic and negatively charged under physiological condition (Lanyi, 1974; Madern et al., 2000; Mevarech et al., 2000) . In fact, the amino acid composition of b-lactamase from periplasmic space of moderately halophilic bacteria was characterized by an abundant content of acidic amino acids . In contrast, those enzymes localized in the cytoplasm should be less halophilic than those secreted, depending on the salinity conditions of the cytoplasm. Recently, Oren et al. (2005) reported, based on genomic sequence analysis, that the amino acid composition of cytoplasmic proteins in Chromohalobacter salexigens (moderate halophile) shows only a slight excess of acidic residues over basic amino acids, while the extracellular proteins from the same organism are more acidic. Thus, it is significant to find out how a cytoplasmic enzyme from moderate halophiles shows halophilicity in its structure and function compared with its nonhalophilic counterpart.
Nucleoside diphosphate kinase (NDK) is a ubiquitous enzyme that catalyzes exchange of phosphate between nucleoside triphosphate and nucleoside diphosphate (Lascu, 2000) . NDK is also known as a multi-functional protein involving many different cellular processes (Kimura, 2003; Besant & Attwood, 2005) . Extensive genetic, biochemical, and crystallographic studies on NDK have been carried out, demonstrating hexameric and tetrameric subunit structures (Janin et al., 2000; Lascu et al., 2000) . NDK from various organisms have been studied, including a moderately halophilic bacterium, and purification of NDK from Halomonas sp. 593 (HaNDK) and cloning and expression of HaNDK gene in E. coli with Nterminal His-tag have been reported (Yonezawa et al., , 2003 Tokunaga et al., 2006) . The database search of primary structures revealed that NDK from P. aeruginosa PAO1 (PaNDK) shows an extensive sequence similarity (78% identity and 89% similarity) to HaNDK.
In this study, the subunit structure of HaNDK and PaNDK is compared using light scattering and chemical cross-linking and their enzymatic properties using activity measurements at different temperatures. The HaNDK shows slightly more halophilic characters than PaNDK in response to exposure to high salt concentrations in the range 0.05$0.5 M NaCl. However, the difference in halophilicity between HaNDK and PaNDK was small. The main differences between the two NDKs are subunit structure and reversibility of heat denaturation, as reported in this paper.
Materials and methods

Bacterial strains and growth medium
Escherichia coli JM109 and BL21(DE3) were used for DNA manipulation and for expression of proteins encoded on pET vectors (Novagen), respectively. Luria-Bertani (LB)-ampicillin 0.1 mg mL À1 was used. For preculture of the transformant harboring pET-derived vectors, LB-ampicillin containing 0.4% glucose was used.
Expression, purification and enzymatic activity assay of NDK proteins
HaNDK and PaNDK, both having N-terminal His-tag, were expressed in E. coli as described previously (Yonezawa et al., 2003) . HaNDK and PaNDK without His-tag were also expressed by cloning ndk genes in pET3a (Novagen) expression vector. NDK proteins expressed in E. coli as well as those from original microorganisms were purified with Ni-NTA or ATPagarose column chromatographies as described previously (Yonezawa et al., , 2003 . All the purification and characterization of HaNDK and PaNDK were carried out in the standard buffer solution (50 mM Tris-HCl buffer, pH 8.0, 2 mM MgCl 2 , and 0.2 M NaCl), unless otherwise described.
The enzymatic activity of NDK was measured by the enzyme coupling method ) and the luciferase method (Mizuki et al., 2004; Ishibashi et al., 2005) as described previously. One unit was defined as the activity which forms 1 mmol product min À1 .
Molecular mass determination by highperformance size-exclusion chromatography multi-angle laser light scattering (SEC-MALLS)
The chromatography system consisted of a Tohso model DP-8020 HPLC pump (Tohso, Japan), an on-line degassing system (model SD-8022, JASCO, Japan), a Rheodyne injection valve equipped with a 100-mL sample loop, and SEC columns (Tohso TSK-GEL 3000SW XL , 7.8 mm Â 30 cm, and TSK SW XL guard column) housed in a column oven (25 1C JASCO, model CO-2060). Detection was carried out at 25 1C using a DAWN-EOS multi-angle laser light-scattering detector and an Optilab rEX refractive index detector (Wyatt Technology, Santa Barbara, CA). Data collection and processing were performed using the Wyatt Technology ASTRA software version 4.9. The eluent (0.2 M NaCl, 2 mM MgCl 2 , 50 mM Tris-HCl, pH 8.0) was pumped at 0.5 mL min À1 .
Scattering data obtained at seven angles (60.0, 69.3, 79.7, 90.0, 100.3 110.7, and 121.21) were used to construct the Debye plots by Zimm's method (Andersson et al., 2003) . Alternatively, the molecular mass was calculated from the 90.01 data alone. The refractive index increment of 0.187 mL for both proteins was used for the molecular weight calculations.
Chemical cross-linking experiments of HaNDK and PaNDK
HaNDK and PaNDK proteins (5 mg 20 mL À1 ) in 20 mM sodium phosphate buffer, pH 7.5, 2 mM MgCl 2 , and 0.2$2.0 M NaCl were treated with 2.5 mM ethylene glycolbis (succinic acid N-hydroxysuccinimide ester) (EGS) at 25 1C for 3 h. The cross-linking reaction was stopped by the addition of 2.5 mM glycine, and the protein pattern was analyzed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE).
HPLC size-exclusion chromatography
Gel filtration column chromatography was performed with the Tohso TSK-GEL G3000 SW XL column (7.8 mm Â 30 cm) and the TSK SW XL guard column equipped with Waters 600 system controller, a 490E multi-wavelength detector, a 410 differential refractometer, and an external column heater box. Running buffer used was 50 mM Tris-HCl buffer, pH 8.0, containing 2 mM MgCl 2 and 0.2 M NaCl. The flow rate of buffer solution was 0.5 mL min À1 .
Results and discussion
Expression in E. coli and purification of HaNDK and PaNDK
The primary structure of HaNDK shows an extensive similarity (78% identity and 89% similarity) to that of PaNDK from the nonhalophilic bacteria, P. aeruginosa PAO1. Calculated pI of HaNDK and PaNDK is 4.56 and 5.36, respectively: HaNDK is a more acidic protein than PaNDK. It has been reported previously that His-HaNDK and His-PaNDK, respectively, encoded on pET15b-593NDK and pET15b-PaNDK plasmids were actively expressed in E. coli (Yonezawa et al., 2003) . Here, it was found that HaNDK was successfully expressed without His-tag in E. coli as an active form. In this regard, HaNDK is distinctly different from the NDK from extremely halophilic archaeon, Halobacterium salinarum (HsNDK), which was active only when expressed as a His-tag fusion; i.e. HsNDK was inactive when expressed without His-tag in E. coli . NDK from P. aeruginosa (PaNDK) without His-tag was also expressed as an active form in E. coli. The specific activities of recombinant HaNDK and PaNDK expressed in E. coli are $1200 and $1500 U mg À1 protein, respectively. Nonrecombinant HaNDK and PaNDK were also purified from respective organisms and their specific activities were compared with those of recombinant proteins: recombinant and nonrecombinant NDKs demonstrated essentially the same specific activities. The yield of recombinant NDKs from E. coli cells is 60-100 times higher than that of nonrecombinant NDKs from Halomonas and Pseudomonas cells.
Halophilicity and optimum reaction temperature of enzymatic activity
The enzymatic activities of HaNDK and PaNDK were measured in the presence of NaCl at different concentrations. As shown in Fig. 1a , both HaNDK and PaNDK gradually lost activity as the NaCl concentration was increased to 4 M, consistent with their origins; i.e. HaNDK is from a moderate halophile, which does not accumulate intracellular salts at high concentrations and PaNDK from a nonhalophilic organism. However, there is a slight increase in enzymatic activity at 50-100 mM NaCl for HaNDK before gradual activity loss (see inset of Fig. 1a) , which may reflect the slight halophilic character of the protein.
To compare their enzymatic properties in detail, the kinetic parameters of both NDKs in the presence of 0, 0.2, 0.5, and 1.0 M NaCl were determined (Table 1) . Although the K m value for GTP at 0 M NaCl was slightly higher for HaNDK than for PaNDK (2.63 vs. 0.88 mM), the K m values of HaNDK were nearly independent of the presence of 0-1.0 M NaCl. On the other hand, K m values of PaNDK increased from 0.88 to 3.26 mM with increasing NaCl concentrations, meaning that the substrate affinity and hence enzyme activity of PaNDK are more sensitive to the deleterious effects of a high NaCl concentration. The V max of both NDKs was similar with regard to the response to increasing NaCl concentration; i.e. both enzymes showed declining V max of the same magnitude with an increase of NaCl concentrations. The K m values for GTP of other NDKs purified from human erythrocyte (Mourad & Parks, 1966) and Bacillus subtilis (Sedmak & Ramaley, 1971) were reported to be 0.15 and 0.1 mM, respectively: the dimeric HaNDK appears to possess a lower affinity for GTP than those of hexameric NDKs for the same substrate under the assay conditions of this study. To determine the optimum reaction temperature, enzymatic activity was measured at various temperatures in the presence of 0.2 M NaCl. As shown in Fig. 1b , the activity of both proteins increased with temperature, indicating greater catalytic reaction or increased substrate binding at a higher temperature or both. After reaching the maximum level, the activity decreased with temperature, reflecting the thermal denaturation. The onset temperature of activity decline was about 50 1C for HaNDK and about 70 1C for PaNDK, respectively. Thus, it is evident that the PaNDK was more thermostable, by about 20 1C, than the HaNDK.
Subunit structures of HaNDK and PaNDK
Most eukaryotic NDKs and prokaryotic NDKs from some Gram-positive bacteria were reported to form a hexameric subunit structure, while NDKs from Gram-negative bacteria so far examined were observed to form a tetrameric structure . Here, the molecular mass of HaNDK and PaNDK was determined by SEC-MALLS and chemical cross-linking. As is evident in Fig. 2 , the lightscattering signal for the peak at $20 min is similar for both samples (upper panel), while the refractive index signal is only half for the PaNDK (lower panel). The molecular mass of HaNDK was determined to be 30.13 kDa AE 2%, i.e. twice the monomer mass (15 137 Da), indicating that the HaNDK forms a dimeric structure in the standard buffer solution (Fig. 2a) . On the contrary, the molecular mass of PaNDK was 62.12 kDa AE 4%, corresponding to the tetrameric structure in the same solution (Fig. 2b) . Scattering data obtained at a 901 angle indicated the molecular mass of HaNDK and PaNDK to be 30.72 kDa AE 1% and 63.46 kDa AE 3%, respectively, essentially identical to those from the Debye plot. As expected from their small size, there is little angle dependence of the light-scattering signal.
As shown in Fig. 3 , chemical cross-linking experiments also clearly demonstrated that PaNDK forms a tetramer (Fig. 3a) , and HaNDK forms a dimer (Fig. 3b ) independent of NaCl concentrations tested, i.e. 0.2-2.0 M NaCl. Owing used in each injection. The same sample was analyzed at least three times, and the average molecular mass was determined. Upper panel, lightscattering signal. Lower panel, refractive index signal. Note that the majority of the injected protein eluted at 20 min and some aggregates at $11 min were also present at such a small quantity that they were detectable only by light scattering.
to cross-linking efficiency, all four associated states were detected for the PaNDK (Fig. 3 and the inset), while only two species (monomer and dimer) were detected for the HaNDK. So far, this is the first observation of an active dimeric structure of NDK. It was also confirmed by the cross-linking experiments that nonrecombinant HaNDK and PaNDK purified from respective organisms formed dimeric and tetrameric subunit structures, respectively (data not shown). Previously it has been reported that nucleoside diphosphate kinase from extremely halophilic archaeon (HsNDK) forms a dimer in low salt (0.2 M NaCl) and a hexamer in high salt concentrations (3.8 M NaCl) (Ishibashi et al., 2002) . However, recently, more detailed structurefunction analysis of HsNDK was performed using SEC-MALLS and it was observed that HsNDK forms an active hexamer at 25 1C and an inactive dimer at 35 1C in the presence of 0.2 M NaCl (detail will be published elsewhere). The inactive HsNDK dimer could refold to an active hexamer only when refolding was performed in the presence of NaCl above 2 M. Thus, HaNDK is the first example of an active dimeric structure.
Reversibility of the subunit structure in HaNDK and PaNDK after heat denaturation
As shown in Fig. 1b , HaNDK was inactivated above 60 1C due to thermal denaturation, as confirmed by CD thermal melting experiments (transition starting at 40 1C and ending at 60 1C). 100 min recovered its enzymatic activity with about 80% and 60% efficiency, respectively, by lowering the temperature. About 10% of the enzymatic activity of PaNDK was recovered by incubation on ice after heat treatment at 80 1C (Fig. 4) . To confirm the reversibility of the quaternary structure of the HaNDK and PaNDK, both enzymes were heat treated at 50 and 80 1C for 5 min, chilled on ice for 5 min, and applied to SEC carried out at 25 1C. In control experiments without heat treatment, a single peak of the HaNDK dimer was observed at an elution time of 20.0 min (Fig. 5, aA) . The HaNDK molecules treated at 50 1C, i.e. at which the enzyme was still active, eluted at the same position of the unheated control (Fig. 5, aB) . Furthermore, the HaNDK, when heated at 80 1C, at which the HaNDK lost the activity completely due to thermal denaturation, also eluted at an identical position (Fig. 5, aC) . These data clearly indicate that the heat denatured HaNDK readily regains its native dimeric structure after lowering the temperature. The PaNDK without heat treatment (not shown but identical to Fig. 5 , bA) and PaNDK heat treated at 50 1C were eluted at 19.5 min as a single peak (Fig. 5, bA at 50 1C) . In contrast, only about 10% of PaNDK, after heat treatment at 80 1C, eluted at 19.5 min as a soluble form, and the remaining part aggregated with visible precipitates, indicating that a majority of material irreversibly denatured by 80 1C treatment. It is interesting to point out that the protein, which did not aggregate, appears to be able to reform the tetrameric structure. We examined the effects of salt concentration on the reversibility of HaNDK activity. Different from the observed reversibility at 0.2 M NaCl, HaNDK lost reversibility in the presence of 2.0 M NaCl (Fig. 4) . This suggests that the increased charge shielding due to the high ionic strength of excess negative charge on the HaNDK surface reduces the charge-charge repulsion of the denatured molecules, leading to aggregation of the heat-treated proteins, which results in irreversible thermal denaturation at high salt concentrations. The high salt concentration might also enhance nonspecific hydrophobic interactions between denatured molecules by salting-out effects to form aggregation.
In conclusion, HaNDK was found, for the first time, to form an active dimeric structure. HaNDK showed the highest enzymatic activity in the presence of 0.05 M NaCl. HaNDK, being a cytoplasmic enzyme from a moderate halophile, showed slightly more halophilic properties than its nonhalophilic counterpart, PaNDK. The difference in halophilicity between HaNDK and PaNDK was small. However, HaNDK showed novel characteristics in that its thermal denaturation is highly reversible in low salt concentrations. This heat-resistant property of the halophilic enzyme, even cytoplasmic protein, may be a valuable feature for the industrial applications.
